Introduction
============

Diabetes caused serious complications in cardiovascular system including diabetic cardiomyopathy and arrhythmias, yet the underlying molecular mechanism of how these occurs remained unclear. An increasing number of studies have demonstrated that cardiomyocyte apoptosis induced by hyperglycemia was observed in diabetic patients and animals [@B1], [@B2].

Cardiac connexin43 (Cx43) is the major connexin in ventricular cardiomyocytes, which formed communication channels for proper electric and metabolic coupling between cardiomyocytes [@B3]. Expectedly, alteration of Cx43 expression has been associated with a variety of pathological conditions such as myocardial ischemia [@B4], heart failure [@B5], hypertrophy [@B6], diabetes [@B7], and arrhythmias [@B8]. Moreover, previous studies demonstrated that changed Cx43 expression could compromise gap junction intercellular communication in diabetic heart, providing an arrhythmogenic substrate for various arrhythmias [@B7]. It has been demonstrated that decreased Cx43 expression in the diabetic heart induced a decrease in the conductivity. Several studies have implicated that autophagy process was involved in the regulation of Cx43 turnover in the heart [@B5], [@B9].

Autophagy is a conserved process for bulk degradation and recycling of cytoplasmic proteins and organelles in lysosomes, providing free fatty acids and amino acids for maintain energy production and protein synthesis. In order to accomplish these work orderly, autophagy related proteins including microtubule associated protein light chain 3 (LC3), LAMP-1, Beclin-1 and p62 (also known as sequestosome-1) were all indispensable for cytoplasm-to-lysosome delivery [@B10]-[@B13]. In addition to rest conditions, activation of autophagy has also been implicated in a variety of pathological state such as ischaemia-reperfusion [@B14], starvation [@B15], heart failure [@B5], hypertensive [@B6], and diabetic heart [@B2] , suggesting that autophagy may play a vital role in heart diseases. Interestingly, cardiac dysfunction was improved when administrate metformin in diabetic heart by activation of autophagy [@B2].

Metformin (Met), the most commonly anti-diabetic drug, improved many clinical parameters and reduced all-cause mortality and cardiovascular disease events compared to lifestyle changes alone in Chinese type 2 diabetes mellitus patients [@B16]. Furthermore, a population-based dynamic cohort and *in vitro* studies showed that metformin treatment decreased the risk of atrial fibrillation in patients with type 2 DM, probably via attenuation of atrial cell tachycardia-induced myolysis and oxidative stress [@B17]. Experimental investigations demonstrated that metformin serves as a therapeutic strategy for diabetic cardiomyopathy through autophagy pathway [@B2], [@B18]. To our knowledge, the relationship of metformin, autophagy, apoptosis and Cx43 under hyperglycemia condition remains to be established. Thus, this study aims to evaluate the effect of metformin on autophagy, Cx43 and apoptosis in H9c2 cells.

Materials and methods
=====================

Materials
---------

Metformin and chloroquine were purchased from Sigma (St. Louis, MO). The H9c2 cells were obtained from the Cell Bank of Chinese Academy of Science (Shanghai, China). LDH activity assay kit and MTT were purchased from Beyotime (Shanghai, China). Antibodies against Cx43, LAMP-1, Beclin-1, p62, LC3, Bax and Bcl-2 were obtained from Cell Signaling Technology (CST, Danver, MA, USA).

Cell culture and treatment
--------------------------

The cells were cultured in Dulbecco\'s modified eagle medium (DMEM) supplemented with 10% fetal bovine serum (Gibco, Grand Island, NY, USA) at 37°C in a humidified incubator consisting of 5% CO~2~ and 95% air. Confluent cells (60-70% confluence) were employed to the experiments. The H9c2 cells were exposed to five conditions: medium containing 5.5 mM glucose (Con group), 33.3 mM glucose (HG group), 33.3 mM glucose with 0.1 mM metformin (Met 0.1 group), 33.3 mM glucose with 1 mM metformin (Met 1 group), 33.3 mM glucose with 1 mM metformin in the presence of chloroquine (50 μM, CQ group) for 96 hours.

Cell viability assay
--------------------

Cell viability was measured by 3-(4,5-dimethylthiazol 2-yl)-2,5-(diphenyltetrazolium bromide) (MTT) experiments. The H9c2 cells were seeded in 96-well plates at 2.0 x 10^4^ cells/well. At the end of incubation period, MTT solution (final concentration of 0.5 mg/ml) was added to each well and incubated for 4 h at 37 °C. After the medium was removed, DMSO was added to dissolve the blue-colored formazan product. Absorbance was measured with a microplate reader at 490nm. Cell survival rates were expressed as the percentage of the absorbance of treated group to con group.

Lactate Dehydrogenase (LDH) release
-----------------------------------

Cell death was assessed by the amount of LDH, which was used to assess the damage of cells. According to the LDH activity assay kit manufacturer\'s instructions, cell medium was collected and mixed with LDH reaction buffer for 30 min at room temperature. The absorbance was read at 450nm when the reaction stopped. Cell death rates were expressed as the percentage of the absorbance of treated group to con group.

Western blotting
----------------

H9c2 cells were harvested and lysed with RIPA buffer (50 mM Tris-HCl, PH 7.4, 150 mM NaCl, 0.1% SDS, 1% sodium deoxycholate) supplemented with protease and phosphatase inhibitor cocktails (Roche, Germany). The supernatant fractions were collected and protein concentration was determined using bicinchoninic acid (BCA) kit (Beyotime, shanghai, China). Lysate protein was separated by 10%-12% SDS-polyacrylamide gel and electrophoretically transferred to polyvinylidene difluoride (PVDF) membranes. The membranes were incubated with primary antibodies at 4°C overnight and then incubated for 2 h with goat anti-rabbit secondary antibody conjugated to horseradish peroxidase at room temperature. After reaction with electrochemiluminescence (ECL) regent (Millipore, Billerica, MA, USA), the bands were captured using the image reader LAS-4500 mini system and the density of bans was quantified by Gel-Pro32 Analyzer software.

Statistical analysis
--------------------

The data were expressed as mean ± standard deviation. One-way analysis of variance test was used to identify significant difference between HG group and metformin groups. Student\'s t-test was performed to compare the difference between con group and HG group. A probability value of P\<0.05 was used as the criterion for statistical significance.

Results
=======

Effect of metformin on H9c2 cells cell viability
------------------------------------------------

Although H9c2 cells of all the four groups (Con group, HG group, Met 0.1 group and Met 1 group) remained viable for 96 hours, the viability of H9c2 cells in Met group was significantly increased than HG group. Compared with Met 1 group, cell survival was attenuated in CQ group (figure [1](#F1){ref-type="fig"}A).

The cell death was indicated by LDH activity in the medium (Figure [2](#F2){ref-type="fig"}). The LDH activity in HG group was significantly higher than Con group. The LDH activity in Met group significantly decreased than HG group while treatment with chloroquine in CQ group significantly increased cell death than Met 1 group (figure [1](#F1){ref-type="fig"}B).

Effect of metformin on apoptosis protein expression
---------------------------------------------------

The levels of Bcl-2 and Bax protein were used to assess apoptosis situation. The results showed that Bcl-2 expression decreased in HG group, which was prevented by metformin administration in a concentration-independent manner. Compared with Con group, the Bax expression in HG group was increased. However, metformin reduced the expression of Bax in a concentration-independent manner (figure [2](#F2){ref-type="fig"}).

Effect of metformin on Cx43 expression
--------------------------------------

Cx43 expression was analysis by western blot in all groups. Cx43 expression in HG group was significantly decreased than Con group, which was prevented by metformin treatment in a concentration-dependent manner (figure [2](#F2){ref-type="fig"}).

Effect of metformin on autophagy activity
-----------------------------------------

To assess the activity of autophagy in H9c2 cells incubation with hyperglycemia, we measured autophagic marker including LAMP-1, Beclin-1, p62 and LC3. As a result, the expression of LAMP-1 and Beclin-1 were decreased, while the level of p62 and the ratio of LC3-II/LC3-I were increased in HG group versus con group. Remarkably, the effect of hyperglycemia on autophagy activity was abrogated by metformin administration indicated by increased LAMP-1 and Beclin-1 expression, and decreased p62 content and the ratio of LC3-II/LC3-I. The efficiency of metformin was in a concentration-dependent manner (figure [3](#F3){ref-type="fig"}).

Effect of chloroquine on cell viability and apoptosis
-----------------------------------------------------

Above indicators (MTT, LDH, Bcl-2, Bax) were also used to determine effect of chloroquine on cell viability and apoptosis under metformin conditions. Compared with Met 1 group, the cell viability significantly decreased in CQ group (figure [1](#F1){ref-type="fig"}). As expected, the similar results were also observed in CQ group compared with Met group, indicated by decreased Bcl-2 and increased Bax levels (figure [4](#F4){ref-type="fig"}).

Effect of chloroquine on Cx43 expression
----------------------------------------

As mentioned above, metformin increased autophagic flux in H9c2 cells under hyperglycemia condition, along with up-regulation of Cx43 expression. Compared with Met 1 group, the expression of Cx43 was further increased in CQ group, which indicated autophagy pathway was involved in Cx43 degradation (figure [5](#F5){ref-type="fig"}).

Effect of Chloroquine on autophagy activation
---------------------------------------------

Compared with Met 1 group, the p62 amount and the ratio of LC3-II/LC3-I were increased in CQ group, suggesting that metformin increased autophagic turnover or flux in H9c2 cells (figure [5](#F5){ref-type="fig"}). However, LAMP-1 and Beclin-1 expression was unaffected by chloroquine treatment (Data not shown).

Discussion
==========

In the present study, we found that metformin inhibited the apoptosis and Cx43 down-regulation caused by hyperglycemia, which was associated with activation of cardiac autophagy. However, the protective effect of metformin was abolished by chloroquine treatment. Intriguingly, administration autophagy inhibitor chloroquine did not block the effect of metformin on Cx43 expression while further increased Cx43 content. These results suggested that autophagy was inhibited in the pathogenesis of diabetes and metformin performed cardiac protection, at least in part, by increasing autophagy activities.

Previous studies have been demonstrated the interaction between cardiomyocytes apoptosis and autophagy pathway under hyperglycemia conditions [@B2], [@B18]. Autophagy was a self-digestion process, which provided energy and amino acids for cell growth by degrading the aggregated proteins or damaged organelles. He *et al.* have demonstrated that autophagy was suppressed in diabetic rats, however, administration of metformin enhanced autophagic activity and protected cell against hyperglycemia insults [@B18]. A recent study suggested that metformin attenuated the up-regulation of ubiquitinated protein via activating autophagy and then confers cardiac protection roles in diabetic hearts [@B2]. However, this opinion was not supported by several studies. Although autophagic flux was inhibited both *in vivo* and *in vitro* under hyperglycemia conditions, the reduction of autophagy appeared to be an adaptive response which limited hyperglycemia-induced injury [@B10], [@B19]. Thus, autophagy has a dual role in cell survival depending on cell type and environment. In our study, we found that metformin enhanced autophagy activity and reduced cell apoptosis, but these effects were absent in CQ group. These observations suggest that induction of autophagy by metformin confers a protective effect against hyperglycemia-induced cardiomyocytes apoptosis.

Another key finding from this study was that autophagy plays an essential role in mediating Cx43 expression. Several studies have demonstrated that autophagy pathway was implicated in the regulation of Cx43 turnover in various heart diseases [@B20]. Martins *et al.* demonstrated that both *in vivo* and *in vitro* ischemia-induced cardiac Cx43 degradation resulted in gap junction intercellular communication impairment, which can be restored by autophagy inhibition [@B14]. It was also reported that Cx43 expression decreased in aged spontaneously hypertensive rat hearts and elevated after supplement with aliskiren by decreasing autophagy [@B6]. In line with previous studies, our results showed that metformin lead to Cx43 up-regulation in H9c2 cells through activating autophagy in hyperglycemia medium. The levels of LAMP-1 and Beclin-1 were increased, but p62 content and the ratio of L3-II/LC3-I were decreased in this context.

Interestingly, the change of the ratio of LC3-II/LC3-I was not supported by previous studies. Previous studies suggested that the increase of LC3-II/LC3-I ratio indicated that metformin enhanced autophagic flux [@B2], [@B18]. However, guidelines for monitoring autophagy suggested that LC3-II/LC3-I ratio would decrease if the degradation process of LC3-II by lysosomal is rapid. Furthermore, guidelines point out that LC3 changes may be particularly rapid, while clearance of substrates of autophagy may need a longer time [@B13]. Taken the results from our study into consideration, we have considerable reason to believe that metformin enhanced autophagy activity in our study. In order to verify this view, we used chloroquine to inhibit autophagy pathway. It was well known that chloroquine inhibited lysosome fusion with autophagosomes and elevated lysosomal PH, thereby preventing the final digestion step and inhibiting lysosomal activity [@B21]. As expected, the ratio of LC3-II/LC3-I and p62 content increased in CQ group. Intriguingly, the amount of Cx43 increased when treated with metformin, which was further enhanced induced by chloroquine. On the basis of our data, we presume that metformin-mediated activation of autophagy may have a dual role in Cx43 turnover. The process of autophagy provided amino acids and free fatty acids to maintain energy homeostasis and protein synthesis by degradation of damage proteins and organelles. Thus, these *in vitro* data indicated that the metformin-mediated autophagy contributed to both Cx43 synthesis and degradation, but the net effect of metformin was promoting Cx43 synthesis. Further investigations are required to explore the detailed mechanisms.

It was consistent with recent study that metformin have cardioprotective effects in multiple cardiovascular diseases, which was supported by elevated cell viability and Cx43 expression in our study. Since myocardial cell rarely proliferate, the loss of myocardial cell would lead to cardiac dysfunction. Administration of metformin protected cardiomyocytes from death under hyperglycemia condition, which could improve cardiac function. Additionally, the remodeling of cardiac Cx43 was associated with various heart diseases, particularly arrhythmia. Diabetic patients showed a higher incidence of cardiac arrhythmias, including atrial fibrillation (AF) [@B22], [@B23]. Recent studies indicated that the remodeling of Cx43 can facilitate development of AF in old guinea pig hearts and patients [@B24], [@B25]. Chang *et al.*demonstrated that metformin treatment decreased the risk of AF in diabetic patients and inhibited the generation of ROS and myofibril degradation [@B17]. To our knowledge, there were rare reports on the effect of metformin on cardiac Cx43 expression in H9c2 cells incubation with hyperglycemia medium. More important, we found that metformin induced Cx43 up-regualtion in H9c2 cells via increasing autophagy activity, which may account for the decrease of AF incidence induced by metformin. Future investigations are needed to verify this hypothesis on animal models.

In summary, our findings demonstrated that a reduction in cardiac autophagy and the subsequent decrease of cell viability and Cx43 expression were implicated in cardiac dysfunction in diabetic heart. Metformin prevented apoptosis and Cx43 down-regulation by enhancing autophagy activity, which may represent a novel mechanism for the cardioprotective effects of metformin.
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![Metformin prevented Cx43 down-regulation and apoptosis under high glucose condition. Western blotting was performed with H9c2 cells lysates treated with metformin as mentioned in text for the expression of Cx43 and apoptosis marker protein. The target protein density was normalized to the control cells. Representative images of three different samples, and each experiment was repeated at least three times. Results are expressed as mean ± SD. n=3.\*P\<0.05 vs. Con, \#P\<0.05 vs. HG.](ijmsv14p0698g002){#F2}
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![Chloroquine treatment increased apoptosis. Western blotting was performed with H9c2 cells lysates treated with chloroquine as mentioned in text for the expression of apoptosis marker proteins. The target protein density was normalized to the control cells. Representative images of three different samples, and each experiment was repeated at least three times. Results are expressed as mean ±SD. n=3. \**P*\<0.05 vs. Con, \#P\<0.05 vs. HG.](ijmsv14p0698g004){#F4}

![Effect of chloroquine on Cx43 expression and autophagy activity in H9c2 cells under high glucose condition. Western blotting was performed with H9c2 cells lysates treated with chloroquine as mentioned in text for the expression of Cx43 and autophagic marker protein. The target protein density was normalized to the control cells. Representative images of three different samples, and each experiment was repeated at least three times. Results are expressed as mean ± SD. n=3.\*P\<0.05 vs. Con, \#P\<0.05 vs. HG.](ijmsv14p0698g005){#F5}
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